A field experiment on the effect of seismic shooting on the lesser sandeel (Ammodytes marinus) was conducted on the fishing grounds in the southeastern part of the North Sea in May 2002. Sandeel buried in the sand at night were trapped in steel frame cages (2.0 ! 1.8 ! 2.0 m) deployed in positions with high abundance of fish located by a van Veen grab. In an experimental area, three sandeel cages were exposed to full-scale seismic shooting for about 2.5 d. Cameras in the cage and on a remotely operated vehicle (ROV) were used to monitor the activity of the enclosed fish. A control area about 35 km southeast of the seismic shooting area was established with two sandeel cages. The distribution and abundance of the lesser sandeel during daytime in the experimental region were regularly monitored by acoustic surveying, but the present methodology could not demonstrate that seismic shooting caused any change in sandeel abundance. Repeated grab surveys were conducted using a van Veen grab for a predetermined set of localities almost every night during the experimental period, both prior to and after seismic shooting. The results indicate that the seismic shooting had a moderate effect on the behaviour of the lesser sandeel. We did not observe any immediate lethal effect, neither from the cage experiments nor from the grab samples. The total mortality in the cages of about 35% on average, both in the experimental group and the control group, was probably a result of injuries during deployment, due to handling and confinement. Analyses of landing data from the Norwegian sandeel trawlers show a temporary drop in the sandeel landings for a short period after the seismic experiment.
Introduction
Offshore oil exploration based on seismic investigations started in the North Sea in the early 1960s, but the first scientific study on how seismic shooting affected fish distributions in the North Sea was carried out in 1984 (Dalen and Knudsen, 1987) . Both before and since that time, a number of studies on how modern seismic sources and exploration activities may affect fry, adult fish, and fisheries have been conducted (Weinhold and Weaver, 1972; Greene, 1985; Holliday et al., 1987; Bjørke et al., 1991; Chamberlain, 1991; Kosheleva, 1992; Pearson et al., 1992; Skalski et al., 1992; Løkkeborg and Soldal, 1993; Booman et al., 1996; Engås et al., 1996; Saetre and Ona, 1996; McCauley et al., 2000; McCauley et al., 2003) . Dalen et al. (1996) summarized the stock management implications based on national and international knowledge of impacts of seismic explorations on fish and fisheries.
The sandeel fishery in the North Sea began in the early 1950s. Since 1975, catches have generally fluctuated between 600 000 and 900 000 tonnes, with catches exceeding 1 000 000 tonnes during some years. Norwegian sandeel fishermen have long claimed that seismic shooting causes fish to flee to the bottom, where they bury deep in the sediments and die. A commonly claimed experience from these fishermen is also that catchability is reduced for a period of time after seismic shooting.
We performed a field-experiment to study sandeel behaviour and survival during a full-scale seismic shooting event.
The distribution and occurrence of sandeel within the seismic shooting region were quantified by grab sampling at night and acoustic surveying during daytime. Based on fishery statistics from the commercial sandeel trawlers operating in the vicinity of the experimental area, trends in catch landings of sandeel during the experimental period were also explored.
Material and methods
The experimental (seismic) area was established at 57 (12.5#N and 05(19.1#E , and the control area about 35 km to the southeast at 56(55.4#N and 05(41.0#E (Figure 1 ). To trap sandeel, cages measuring 2.0 ! 1.8 ! 2.0 m were constructed from 50-mm steel pipes mounted on a welded steel frame (Figure 2) . A fine-meshed sandeel net was suspended between the pipes. Inside the frame was a sandbox with a 45( cutting edge aimed towards the bottom. The cages were equipped with an inspection window made of plastic, and were constructed with an open bottom. They were deployed on the seafloor during the night when the sandeel were buried in the sand (Popp Madsen, 1994; Høines and Bergstad, 2001) . At daylight, sandeel started to emerge from the sediments but were enclosed in the cages without being able to escape, except for returning to the sediments as part of their natural diurnal activity pattern or because of external disturbances. Based on abundant grab samples, three cages were launched in the seismic area on 4e6 May at about 55-m depth from RV ''Håkon Mosby'' (Figures 1 and 3 ; Table 1 ). Because of technical problems, one of these cages was retrieved before seismic shooting started (hence being defined as a control cage, cage 3A). This cage was redeployed on 12 May prior to shooting (cage 3B). In the control area, two cages were deployed at 51-m depth on 12 May (Figure 1, Table 1 ). At the time of deployment, however, the sandeel concentration was low in the control area and inspection showed that few fish if any were enclosed in the cages. These cages were instead supplied with live fish caught by a pelagic trawl. Because of the different ways of supplying fish to the experimental and control cages, including different handling of the fish, the fish within these two control cages cannot be regarded as true control groups. The cages in the experimental area were retrieved on 19 May, and those in the control area on 18 May. During retrieval, the cages were pulled forward a few metres using the vessel. A dragging weight outside the cage pulled a curtain out of a magazine inside the frame, closing the bottom. During displacement of the cage, the steel frame scraped off the upper 10 cm of the bottom substrate, which was subsequently collected in the sandbox.
Observations of fish behaviour were obtained using a remotely operated vehicle (ROV) equipped with video cameras. In addition, a video camera mounted inside two of the cages (cages 3A and 3B) was connected by cables to a video link placed inside a plastic barrel floating on the surface. The video signals were transferred by video link to a monitor and a recorder on board RV ''Håkon Mosby''. The video recordings were obtained without use of artificial light. During analysis, the video tapes were divided into 10-min time blocks with good and stable image quality, and examined for possible behavioural changes. In order to obtain information on the presence or absence of sandeel as well as their survival, a total of six 0.2-m 2 van
Veen grab sampling surveys were performed at night prior to and after seismic shooting. Other grab surveys were also conducted, including a final grab survey covering the central part of the seismic shooting region during daytime and evening as a last check on the presence of dead fish remaining in the sediment after shooting.
To conduct the experiment, we hired SV ''Falcon Explorer'' from the Norwegian seismic operator PGS AS for three days of seismic shooting in the period 13e15 May 2002. The operations of the vessel and the airgun array were typical for 3D investigations in the Norwegian economic zone (Booman et al., 1996; Hassel et al., 2003) . The seismic source was an airgun array that extended 15 ! 25 m, and consisted of 14 active single airguns and 7 active airgun clusters (28 airguns in total).
At actual distances between the airgun array and the fish, we are in the acoustic near field of the array. The pressure amplitudes may then be highly variable and are usually lower at near-field distances compared to what comes out from the far-field signatures by simple spatial and geometric spreading considerations (Clay and Medwin, 1977) . The estimated near-field signature at the acoustic axis at 60-m depth (average depth of the experimental cages) expressed as the sound pressure level, SPL nf , will be (Schoolmeesters, 2002) :
The shooting was confined to an area measuring 10 ! 10 km with the experimental cages at the centre of the seismic area ( Figure 3 ). The distance between the seismic lines was 300 m, and the number of lines was 33. Seismic shooting started in the western corner of the seismic field on 13 May at 10:30 UTC, and lasted until 15 May, 18:13 UTC. Predefined acoustic surveys for the lesser sandeel were conducted in the shooting region on 11, 17, and 19 May, using the SIMRAD EK500 scientific echosounder operating at 38 and 120 kHz. The Bergen Echo Integrator (BEI) (Foote et al., 1991) was used to store the integrator numbers (s A ) also termed the nautical area scattering coefficient (NASC) (MacLennan et al., 2002) with a vertical and horizontal resolution of 0.5 m and 0.1 nmi (185.2 m), respectively. Only the total integrator numbers for the pelagic domain at 38 kHz were used in the analysis. The lower limit of the scrutinizing volume backscattering strength, S v , was set to ÿ79 dB re. 1 m ÿ1 . Data on the landed catch of sandeel (in Norway or other countries) from the regions closest to the shooting area (Figure 1 ), provided by the Norwegian Directorate of Fishery, were analysed on a day-by-day basis to reveal possible changes in the catches before/during/after the shooting period. Only catches from Norwegian vessels were considered.
To test differences in grab samples, the f-ratios were calculated as the greater variance over the lesser one, testing the differences between variances (Sokal and Rohlf, 1969 : Box 8.1). t-tests were then applied to test the equality of means of samples whose variances are assumed to be unequal (Sokal and Rohlf, 1969: Box 13. 3), and to test the hypothesis that two sample means come from a population of equal m (Sokal and Rohlf, 1969 : Box 9.6). A one-way ANOVA using log-transformed data and a Fisher's PLSD, StatView Ò 5.01 (SAS Institute Inc.) were used to compare acoustic abundance along individual transect lines.
Results
All sandeel captured by grab were alive and seemed to be in good condition, both before and after seismic shooting. The highest catches were observed after shooting, with 15 or more fishes in nine of the grab samples (Figure 4 ). The average catch at night was 4.1 sandeels per grab before shooting and 5.5 sandeels per grab after shooting. An F-test shows that the variances in the mean grab catches prior to (4.1 G 5.0 s.d.) and after seismic shooting (5.5
This supports the use of a traditional t-test (Sokal and Rohlf, 1969 : Box 9.6), which showed no significant difference (t s Z 0.6546, t 0.05 Z 1.995, d.f. Z 70) between mean grab catches of sandeel at night before and after seismic shooting. Since the p-value of the F-test is larger, but close to 0.05, the result from the more conservative and approximate t-test (Sokal and Rohlf, 1969: Box 13. 3) is also given (t# s Z ÿ0.1558, t# 0.05 Z 2.0516, d.f. Z 70), supporting that no significant differences in catch are found at night prior to and after seismic shooting.
The highest total mortality was observed in cage 2, with 50% dead fish, while total mortality in the other cages ranged from 19% to 39% (Table 1) . On average, the total mortality was about 35% in both the experimental and the ''control'' groups. Normalized for days deployed, the mortality per day was about twice as high and significantly different (p ! 0.05, ManneWhitney U test) in the control group compared to the experimental group (Table 1) . On the basis of ROV observations, some of the mortality occurred during deployment, when the cages penetrated the sand. During video-examination with the ROV, many fishes were observed to swim against the net. Some were observed to have damaged mouthparts after the experiment, probably as a result of this behaviour (Table 1) . The fish varied in length from 10.5 to 26.0 cm, and the mortality was evident at all length intervals in both the seismic group and the control group ( Figure 5 ). The dominance of smaller fish in cages 4 and 5 may be explained by the fact that these sandeel were caught by trawl. The mortality seemed to be highest for the smallest individuals in these cages. No irregular swimming activity of the sandeel in the cages was observed before the seismic shooting began. During the shooting, many individuals in the cages performed sudden flight responses (Table 2) , which did not occur simultaneously among all fish and was often performed in an unsynchronized manner. They started with a flexion of the body in a C-shape-like appearance followed by a sudden jerk before the sandeel resumed normal swimming activity, but often in a different direction. This reaction looked like the Mauthner-type bend responses in herring (Clupea harengus) (Blaxter et al., 1981) and the Mauthner cell induced C-start for saithe (Pollachius virens) (Wardle et al., 2001 ), but it was not identical. The reaction of the sandeel was more ''acrobatic'' with larger swings in the C-shape. Compared to other fish, the body of the sandeel is slender; it has an eel-like swimming pattern and the lack of a swimbladder forces it to swim constantly. These physical and physiological differences may explain the differences in C-starts between sandeel and other fish. The C-start-like responses, however, suggest that the fish was scared or disturbed. The video observations also discovered a large number of fish pushing against the net roof. Only a few individuals dug into the sand, and they soon came up again to the group. The distribution of the C-start-like responses, when possible to observe, has been plotted along the seismic lines in Figure 3 to indicate the position of the seismic vessel at the time of observation of the responses. After the shooting period, the fish calmed down, and only one C-start-like response was observed during 160 min of observation ( Figure 4 . Numbers of sandeel caught by grab at night (22:00e04:59) during surveys in the seismic area before shooting (12e13 May) and after shooting (16e19 May).
sandeel was observed in the sand outside one of the cages on 15 May, the third day of shooting. On the same day, another school was observed passing seemingly undisturbed above the ROV.
During daytime, the sandeel were distributed in schools in the pelagic zone or close to the bottom. The pre-seismic shooting (11 May) and post-seismic shooting (17 May) acoustic survey gave an overall mean s A of 29.2 m 2 nmi ÿ2 and 46.1 m 2 nmi ÿ2 , respectively. This suggests that the observed abundance of sandeel was slightly higher after the seismic shooting. The last survey conducted on 19 May about 3 d after the seismic shooting had an even higher overall mean s A of 272.3 m 2 nmi ÿ2 . For transect line 1e2 ( Figure 6 ) surveyed on 11, 17, and 19 May, no significant difference between dates was found ( p 12 Z 0.321, d.f. Z 2). Also for the transect line 3e4, no significant difference was found between these dates (p 34 Z 0.896, d.f. Z 2). For transect line 5e6, a significant difference was found between dates (p 56 ! 0.01, d.f. Z 2). For this transect, Fisher's PLSD shows that the acoustics abundance was significantly higher after shooting on 17 May compared to 11 May (p ! 0.01) and 19 May (p ! 0.05), when the acoustic abundance decreased again. Regarding transect line 7e8, a significant difference was observed (p 78 ! 0.01, d.f. Z 2) between all dates; Fisher's PLSD shows a significantly lower abundance after shooting on 17 May compared to 11 May and 19 May, respectively (both comparisons, p ! 0.01). The acoustic abundance was highest on 19 May, however, and significantly different to what was observed .f. Z 2), suggesting no major differences in abundance within this transect between survey dates. The sandeel fishery statistics indicated a reduction in the landings 1e2 d after the seismic shooting was terminated (Figure 7) . From 18 May the catches increased for a few days, reaching the same level as found prior to the decline, followed by a general reduction until 29 May. A major part of the landings originated from fishing area 4175, which includes the seismic experiment area.
Discussion
Fish can sense both sound strength and the direction of sound sources (Hawkins, 1981) . The primary signal strength, its frequency distribution and duration, the distance between the sound source and the fish, and the natural background noise are critical factors for sound sensing. Fish react more strongly to pulsed sound signals (Blaxter et al., 1981) and to signals with a rapid rise time (Schwarz, 1985) compared to continuous sound waves. Another important feature to be aware of is that fish often habituate to artificial sound signals, which means that reactions to a lasting and repetitive sound stimulus may diminish with time. The seismic shooting seemed to have a moderate effect on the behaviour of the lesser sandeel, because C-start-like responses (Blaxter et al., 1981; Wardle et al., 2001) were observed when daylight allowed observations of the fish. Most of the fish changed their swimming direction after performing the response, but it was not possible to determine whether the reaction was directional with respect to the sound source, contrary to what has been revealed by Blaxter et al. (1981) and Wardle et al. (2001) . In our case it is almost impossible to compute the direction of the sound wave relative to the fish, especially when the sound source and fish were both constantly moving. Blaxter et al. (1981) found that herring almost always showed a directional response away from the source, while Wardle et al. (2001) found that saithe turned and fled from the airgun discharge, but only when the explosion was visible. When not visible, they kept swimming apparently unaltered towards the airgun. In contrast to these studies, our sound source was not aimed directly towards the fish, and the distance between sound source and fish was much larger.
Another experiment with caged fish exposed to increasing airgun levels (McCauley et al., 2000) shows that the fish increased swimming speed and moved to the lower portion of the cage, then moved to ''huddle'' in the cage centre. This behaviour was not observed in our experiment, possibly because of the moving and non-directional sound source. If the sandeel were not caged, they would probably have fled in a non-directional manner as long as they were not able to determine the direction of the sound source. However, the observation of an undisturbed school outside one of the cages on the third day of shooting suggests that shooting did not affect the behaviour of the lesser sandeel in a serious or permanent way.
The cages with the sandeel were placed in the centre of the shooting area at a distance of about 7 km from the shooting point furthest away. The whole shooting area was well inside the estimated reaction distance of 10 km ( gadoid fish) for the 256-dB sound source (Hassel et al., 2003) . This is clearly demonstrated by the observations of C-start-like responses during shooting along the first seismic line. When the seismic vessel passed close to the cages, the shooting had already lasted for more than 30 h, and the habituating effect might have reduced the frequency of C-start-like responses considerably. Considering the frequency of the seismic signals (1 per 11 s), it is likely that the reaction threshold had been raised. Otherwise the sandeel would suffer from exhaustion if they reacted to every shot being produced by the seismic vessel.
The video observations revealed some dead sandeel on the bottom inside the cages shortly after deployment. These fish were probably killed when the cages penetrated the sand. Video recordings showed that the sandeel frequently swam against the meshes in the cages. This behaviour may have led to the mouth and skin damage observed at the end of the experiment (data missing from control cages). It is not unlikely that this behaviour, possibly caused by the stress of being confined, led to a higher mortality than could otherwise have been expected. The total mortality was nearly identical in the seismic cages and the control cages, but when exposure time is considered, the daily mortality rate was higher in the control cages. This may be partly explained with the trawled fish being used in cages 4 and 5, and the high number of fish in cage 3A. In both cases, this was additional stress for the sandeel, and may have had a major impact on the mortality of the control group fishes. None of the grab samples showed any dead or paralysed fish before or after shooting, supporting our idea that the observed mortality within the cages was caused by stress. The catches before and after shooting do not indicate that there was a massive escape to the bottom caused by the shooting. Based on the overall mean nautical area backscattering coefficient (s A ), the abundances of sandeel within the experimental area seemed to increase after the seismic shooting. However, within transect lines 1e2, 3e4, and 9e10 no significant differences in abundance between dates were found when statistically compared. Only for transect lines 5e6 and 7e8 were significant differences observed, but these show no clear tendency that can support the overall increase in abundance originally observed. Because the sandeel has no swimbladder and thereby very low individual backscattering strength, it has to form characteristic dense layers, concentrations, or schools in order to be detected and scrutinized as sandeel (i.e. when they are dispersed we are unable to detect them). The variable abundance on transect lines 5e6 and 7e8 and significant differences found between dates (cf. Results) can be a result of migrating sandeel or other fish (i.e. herring or sprat) either leaving or entering the area, or a result of resident schools not previously detected during the surveys. During daytime, herring might form schools appearing similar to those of sandeel. It is commonly known from fishing in this region at this time of the year that herring and sprat schools can be found in between or intermixed with sandeel schools. Both herring and sprat have a swimbladder, and such schools therefore produce acoustic backscattering about ten times higher than that of similar sandeel schools (MacLennan and Simmonds, 1992) .
The reduced landings of the sandeel fleet reflect reduced captures during and after the shooting. As part of the fishing fleet seemed to change location during shooting, more time was probably spent for travelling and less time for fishing (Hassel et al., 2003) . Reduced catches may also reflect reduced availability of sandeel, as a result of changed fish behaviour that we have not been able to observe in our experiment. The sandeel fishery may also be influenced by the fact that the fish landing sites were closed on 17 May e the National day in Norway. Any catches ready for landing on 17 May were probably delivered outside Norway (Denmark). The following three days were also holidays, but this probably had a minor effect on the fishing effort. The fact that the landings from area 4175 soon recovered from the drop on 16e17 May suggests that the availability of sandeel was not permanently reduced. A new decline with very low landings around 23e29 May supports the general trend of reduced catches, although later a new increase can be observed, but not as prominent as during the earlier phase of the fishery.
